Background: Studies of neuropsychological outcome following coronary artery bypass graft surgery (CABG) have traditionally dichotomised patients as ''impaired'' or ''unimpaired''. This conceals the potential heterogeneity of deficits due to different mechanisms and sites of brain injury. Objectives: To explore neuropsychological outcome following CABG and determine to what extent it conforms to prototypic cortical and/or subcortical neurobehavioral syndromes and whether different intraoperative physiologic measures are associated with different subtypes of neuropsychological outcome. Methods: Neuropsychological tests were administered to 85 patients before and after elective CABG and to 50 matched normal control subjects. Pre-to postoperative change scores were computed using standardised regression based norms. Change scores on selected memory measures were subjected to cluster analysis to identify qualitatively distinct subtypes of memory outcome. Emergent clusters were compared on non-memory measures, intraoperative physiologic measures, and demographic variables. Results: Three subtypes of memory outcome were identified: memory spared (48% of patients), retrieval deficit (35%), and encoding/storage deficit (17%). Contrary to expectation, the subgroups were indistinguishable on measures of confrontation naming and manual dexterity and on intraoperative cardiac surgical physiologic measures and demographic variables. The encoding/storage deficit subgroup exhibited executive dysfunction. Conclusions: Heterogeneous profiles of neuropsychological dysfunction were found following CABG although they did not tightly conform to prototypic cortical and subcortical neurobehavioral syndromes. This challenges the value and appropriateness of the common practice of collapsing individual test scores to arrive at a single figure to define ''impairment''. Whether different subtypes of neuropsychological outcome are caused by different pathophysiologic mechanisms remains unknown. N o systematic research has attempted to define the quality of neuropsychological changes following coronary artery bypass graft surgery (CABG). Instead, neuropsychological research has largely focused on defining the incidence of postoperative impairment by dichotomising patients as ''impaired'' or ''unimpaired''. 1 This dichotomy does not permit investigation of potential subtypes of adverse neuropsychological outcome which may be the product of different mechanisms of injury impacting upon different brain structures.
Histopathologic and MRI studies have demonstrated the vulnerability of specific brain regions to intraoperative injury in cardiac surgery employing cardiopulmonary bypass (CPB). Early postmortem studies emphasised the role of anoxia in causing injury to arterial borderzone regions, in particular the hippocampi. [2] [3] [4] More recently, microemboli have been considered the likely agent of brain injury and postoperative neuropsychological dysfunction with the most common sites of MRI defined infarction being within the deep subcortical white matter, basal ganglia, caudate nucleus, and corona radiata. [5] [6] [7] [8] [9] [10] [11] Given these findings, there is a rational basis to anticipate that CABG might impart qualitatively different neuropsychological outcomes across individuals which are dependent upon the primary sites and mechanisms of injury.
A theoretic framework for conceptualising potential patterns of neuropsychological outcome following CABG is that of ''cortical'' versus ''subcortical'' neurobehavioral syndromes. 12 13 The link between these syndromes and cardiac surgery relates to hypothetical commonalities in the primary sites of neuropathology. Specifically, in dementia of the Alzheimer type (DAT), a prototypic cortical neurobehavioral syndrome, there is early prominent involvement of temporal lobe structures including the hippocampi.
14 On the other hand, in subcortical syndromes such as vascular dementia (VaD) there is prominent involvement of the deep white matter, basal ganglia, and thalamus, 12 15 16 which are the same structures considered susceptible to microembolic injury in CABG.
Cortical and subcortical syndromes are dissociable in terms of spared and impaired cognitive functions found in each (table 1) . Specifically, on tests of episodic memory, such as the California Verbal Learning Test (CVLT), patients with DAT demonstrate deficient free recall and recognition memory. 13 16-19 This has been interpreted as a breakdown in memory encoding and storage. 13 In contrast, patients with subcortical disorders demonstrate impaired free recall with relative preservation of recognition memory suggesting a breakdown in search and retrieval mechanisms. 13 16-19 On non-memory tasks, confrontation naming is frequently inferior in DAT patients compared to subcortical patients due to a breakdown in semantic processing thought to be mediated by the temporal neocortex. 20 On the other hand, subcortical groups are generally inferior on tests of executive function, possibly due to functional disconnection of the frontal lobes from underlying subcortical structures. 21 Finally, disorders of movement and reduced psychomotor speed are hallmarks of subcortical disorders due to variously placed lesions within the basal ganglia-thalamocortical motor circuit, 12 22 with VaD patients being distinguished from DAT patients by their inferior performances on measures of manual dexterity and motor performance. 23 24 Using cluster analysis, this study explores whether different profiles of neuropsychological outcome occur following CABG and to what extent they conform to prototypic cortical and/or subcortical neurobehavioral syndromes. Assuming that the emergent clusters conform to one or both these syndromes, it is hypothesised that they will be distinguishable on the basis of intraoperative physiologic measures. Specifically, the cortical subgroup will have been subjected to comparatively lower intraoperative cerebral perfusion pressure and flow rates resulting in hypoxic brain injury maximally involving the hippocampi. Alternately, patients within the subcortical subgroup will have been subjected to comparatively greater intraoperative microembolic insult as a result of a higher number of perfusionist interventions 25 and possibly longer CPB time. 
Control subjects
Fifty unpaid volunteers were recruited from senior citizens groups and the Flinders Medical Centre Volunteers Service. Each met the same study inclusion criteria as the CABG patients. The demographic and baseline neuropsychological data for both patients and controls are presented in table 2. Except for patients having a significantly higher anxiety level at baseline assessment, there were no between group differences on any variable. Importantly, amongst the patients baseline neuropsychological performance was found to be independent of mood state, the highest correlation being between depression and CVLT %SDFR (SDFR, short delay free recall; %SDFR, (SDFR/trial 5)6100) (r = 20.18, p = 0.06).
Surgical technique
Patients were randomly assigned to undergo CABG using either moderately hypothermic or normothermic CPB. 
Neuropsychological examination
Qualified examiners tested patients the day before operation, the day before discharge, and 6 months post-discharge. Control subjects were tested three times across the same intervals. Only the baseline and 6 month data are reported in this study because the Statement of Consensus on Assessment of Neurobehavioral Outcomes After Cardiac Surgery 27 considers data obtained within the immediate postoperative period to be unstable and influenced by extraneous factors including sleep deprivation, anaesthetic effects, 28 pain, 29 and other general effects of surgery. 8 Additionally, it was felt that any longer term effects of CABG surgery were likely to be more meaningful to patients' everyday functioning.
Neuropsychological test selection was substantially based on the Statement of Consensus. 27 The test battery in order of administration was CVLT, 30 Purdue Pegboard (simultaneous right and left hand trial; PegsRL), 31 Controlled Oral Word Association Test (COWAT), 32 Trail Making Test (TMT), 33 Boston Naming Test (BNT), 34 Wechsler Adult Intelligence Scale-Revised Digit Symbol subtest (DSym), 35 National Adult Reading Test-Revised (NART-R; administered only at baseline), 36 and the Depression Anxiety and Stress Scales (DASS). 37 Cluster analysis was performed using the two measures of the CVLT that most readily distinguish cortical and subcortical subtypes of neuropsychological dysfunction, these being short delay free recall after interference (%SDFR) and recognition memory (Recognition). 13 %SDFR was calculated by dividing the number of words correctly free recalled by the total number of words correctly recalled on the last learning trial (6100). Every second patient or control subject was administered the alternate form of the CVLT at baseline with the same form being administered at 6 month follow up. All tests were administered and scored in the prescribed manner with the exception of the TMT in which the ratio of the time taken to complete part B relative to the time taken to complete part A was calculated (that is, part B seconds/part A seconds). This ratio measure has been shown to provide a purer measure of mental flexibility independent of overall speed. 
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Definition of neuropsychological change
Standardised regression based (SRB) methodology was employed to quantify the magnitude of pre-to postoperative change on neuropsychological measures independent of measurement error, practice effects, and regression to the mean. 39 This methodology entailed 6 month retest scores of control participants being regressed against baseline scores and other potential predictors of retest performance (that is, age, sex, years' education, predicted NART-R Full Scale IQ, and test-retest interval). These regression equations were then used to obtain predicted retest scores for individual CABG surgery patients on each neuropsychological measure. The differences between the observed and predicted retest scores were transformed into standardised z scores (SRB change scores) as follows: z score = (Y o -Y p )/SE reg , where Y o is the observed retest score, Y p is the predicted retest score, and SE reg is the standard error of the estimate from the regression equation (that is, SD of the residuals). Consistent with the normal distribution of z scores, any SRB change score exceeding ¡1.64 (90% confidence interval) is statistically rare and indicates significant improvement or decline thus enabling categoric classifications of outcome for each test measure if desired. However, in this study for the data to be subjected to cluster analysis the derived SRB z scores for each test measure were retained as continuous data reflecting the magnitude of pre-to postoperative change.
Cluster analysis
Given the consistently proven validity of differential performance on CVLT measures %SDFR and Recognition in distinguishing cortical and subcortical syndromes, 13 17-19 the SRB z scores for these measures were subjected to cluster analysis. Tests tapping executive and psychomotor functions were subsequently used for external validation of the cluster solutions.
Three hierarchical agglomerative methods of clustering were employed (average linkage, complete linkage, and Ward's method) using squared Euclidian distance as the similarity/dissimilarity measure. 40 The number of clusters derived from each clustering method was objectively established using Mojena's method. 41 To validate the cluster solutions, the data were subjected to k-means iterative partitioning. Checks for internal validity using misclassification analysis and split-sample replication were carried out. 40 The cluster method with the highest level of internal validity was selected as the final solution.
Between group differences on demographic, neuropsychological, and cardiac surgical data measures were tested using one way ANOVA (post hoc Tukey's HSD) or Kruskal-Wallis tests (post hoc Mann-Whitney U tests) depending on the equality of cell sizes and/or heteroskedasticity and distribution shape. x 2 tests were used for categoric data. Pearson and Spearman correlations were used to examine the relationships between neuropsychological change scores and medical and cardiac surgical variables
RESULTS
Regression analyses
Regression equations derived from control data used to predict individual patient's 6 month postoperative score on each neuropsychological measure are presented in table 3. Baseline performance entered as a predictor of retest performance on all neuropsychological measures, accounting for between 13% (TMT B/A) and 74% (DSym) of the variance (p,0.05). Age entered as a significant predictor of DSym only, accounting for 1.7% of the variance with younger age predicting a higher retest score. Gender entered as a predictor of retest performance on PegsRL accounting for 5.9% of the variance with female gender being associated with a higher level of retest performance. Years of education, FSIQ, and 
The regression equations generated from the control sample were applied to the data of individual CABG patients in order to obtain their predicted retest scores on each neuropsychological measure. The differences between the observed and predicted retest scores were calculated and transformed into standardised SRB z scores for subsequent analyses.
Cluster analyses
Subjecting SRB z scores on %SDFR and Recognition to the hierarchical agglomerative cluster methods produced either a two or three cluster solution. Thus, subsequent k-means iterative partitioning was performed with both two and three group solutions being requested. Internal validation revealed the three group k-means solution to be the most stable with a mean concordance across clustering methods of 88.2% and split-sample concordance of 97.7% and 100% with the parent sample. The three group k-means solution was therefore used in subsequent analyses. Table 4 shows cluster 1 comprised 41 patients (48.2%), cluster 2 comprised 30 patients (35.3%), and cluster 3 comprised 14 patients (16.5%). To reduce the subjectivity interpreting the profiles of SRB z scores on attribute variables, the scores obtained by each cluster were compared to those of the control subjects.
Analyses of cluster subtypes
As shown in table 4, the mean SRB z scores on %SDFR and Recognition obtained by cluster 1 did not significantly differ from the control group. Thus, this cluster comprised patients who did not demonstrate a significant postoperative decline (or improvement) in memory function and were labelled the ''Memory spared'' cluster. Cluster 2 demonstrated impaired delayed recall (%SDFR) and preserved recognition memory relative to the control group. This profile is consistent with a memory retrieval deficit typically associated with subcortical pathology. Finally, cluster 3 demonstrated impaired delayed recall and recognition memory relative to the control group consistent with a memory encoding/storage deficit in which hippocampal pathology is considered to predominate. Effect sizes (Cohen's d) representing the degree of overlap between clusters on the attribute variables are reported beneath table 4. These were generally large (.0.8) representing good separation. 42 There were no significant differences between the clusters in terms of age [F(2,82) = Significant between group main effects were found on two of six variables (TMT B/A, DSym). On TMT B/A post hoc analyses revealed cluster 3 (encoding/storage deficit) showed a significantly larger postoperative decrement compared to the other two clusters and the control group. This finding is contrary to the expectation that patients with a retrieval memory deficit (that is, cluster 2) would evince a concurrent decrement on measures of executive function. It is also noteworthy that no group differences emerged on the COWAT suggesting that performance on this executive task is dissociable from TMT B/A.
Both memory impaired clusters (2 and 3) showed a significant postoperative decrement on DSym compared to the control group. The memory spared subgroup (cluster 1) did not differ from any other group. This supports the view that DSym is a sensitive but non-specific indicator of acquired brain dysfunction. 43 Finally, and again contrary to expectation, no group differences emerged on measures of confrontation naming (BNT) and manual dexterity (PegsRL) on which the encoding/storage deficit subgroup (cluster 3) and the retrieval deficit subgroup (cluster 2), respectively, were hypothesised to show the greatest postoperative decrement.
Cardiac surgical variables
Between group analyses of the preoperative medical and cardiac surgical data of the three clusters revealed no significant main effect on any variable (table 5) . A main effect for the number of intraoperative perfusionist interventions approached significance (p = 0.058) with post hoc analysis revealing a marginally significant difference between the retrieval and encoding/storage deficit subgroups (p = 0.045). However, given the total of 13 comparisons this result is likely due to chance.
Further correlational analyses were undertaken to identify any relationship between preoperative medical and cardiac surgical variables and pre-to postoperative change (SRB z scores) on the attribute variables (%SDFR, Recognition) and the two non-attribute variables on which significant differences were found between clusters (TMT B/A, DSym). Only one of the 52 univariate correlations performed (4 neuropsychological measures613 medical/surgical variables) was significant, this being an association between a positive history of hypertension and greater postoperative decrement in recognition memory (rho = 0.24, p = 0.03). Again, this single significant result is likely due to chance given the large number of comparisons performed. Finally, preoperative medical and cardiac surgical variables were examined against the number of cognitive domains (episodic memory, naming, executive, psychomotor) on which patients demonstrated statistically significant declines (that is, SRB z scores below 21.64). Twenty six patients (30.6%) were not impaired on any domain and 37 (43.5%), 16 (18.8%), and 6 (7.1%) were impaired on 1, 2, and >3 domains, respectively. Once again, no between group differences were found on any of the medical or surgical variables.
DISCUSSION
This study identified three subtypes of memory outcome following CABG: memory spared (48% of patients), retrieval deficit (35%), and encoding/storage deficit (17%). However, contrary to the cortical/subcortical neurobehavioral models, it was found that the retrieval and encoding deficit clusters generally did not display concurrent patterns of spared and impaired cognitive function typically associated with these syndromes. In fact, on several measures, the two clusters were indistinguishable from each other as well as being indistinguishable from the memory spared cluster and control participants. In the broadest of terms these findings challenge the notion of cortical and subcortical dementia being neuropsychologically dissociable syndromes. Alternately, at the very least, the utility of these syndromes in defining subtypes of neuropsychological outcome following CABG surgery is brought into question. As will be discussed, this may be because of insufficient overlap between the structures injured in CABG surgery and those involved in the production of prototypic cortical and subcortical neurobehavioral syndromes. In addition, the limitations of cluster analysis in defining distinct patient subgroups must be considered.
The failure of the retrieval deficit subgroup to display the full spectrum of neuropsychological deficits typically associated with a subcortical syndrome suggests that the individual features comprising the syndrome do not share a common neuroanatomic substrate. Given that five parallel but segregated basal ganglia-thalamocortical circuits have been identified, which are hypothesised to subserve different aspects of behaviour and cognition, 22 this finding is not surprising. However, within the context of the present study the issue remains as to which systems are selectively injured and spared in CABG surgery resulting in the production of a memory retrieval deficit without concurrent alteration in executive function and manual dexterity. It is noteworthy here that these aspects of neuropsychological functioning previously have been found to be dissociated in nondemented individuals with deep white matter hyperintensities. 44 45 This suggests that ''incomplete'' forms of the subcortical syndrome may be found when pathology is less severe and extensive.
The finding that CABG patients within the encoding/ storage deficit cluster did not display a significant concurrent decrement in confrontation naming as in prototypic cortical dementia suggests that the neocortical structures usually associated with this loss remained spared. In fact, the finding that this subgroup actually showed an unexpected postsurgical decrement on a measure of executive ability (TMT B/A) raises the question of frontal/subcortical involvement. Specifically, given that lesions within diencephalic structures such as the dorsomedial nucleus of the thalamus and mamillothalamic tract produce memory disturbance qualitatively similar to that seen with hippocampal damage in addition to producing subcortical features, 46 it is conceivable that damage to these structures could account for the findings in this subgroup. Moreover, because thalamic nuclei are supplied by small penetrating arteries, they may be especially vulnerable to intraoperative microembolic injury.
The finding that the memory spared cluster did not show significantly greater postoperative decrements compared to either of the other two clusters or control subjects on measures of executive or psychomotor function suggests that the memory variables used in establishing cluster subtypes were also good general markers of neuropsychological integrity. However, what cannot be determined from this study, which focused on subtypes of episodic memory dysfunction, is whether the memory spared cluster contained a subset of patients with a constellation of deficits that did not include memory dysfunction. For example, inspection of Table 4 reveals that compared to the other clusters the memory spared cluster showed the largest, albeit nonsignificant, mean postoperative decline on PegsRL (SRB z = 20.69). Thus, it is conceivable that this cluster contained some patients with acquired selective deficits in psychomotor function possibly due to damage restricted to the subcortical motor circuit. 22 Identification of a memory spared but otherwise impaired subgroup of patients awaits further study.
Finally, the failure to observe the classically described syndromes of cortical and subcortical dementia following CABG surgery might relate to the limitations of cluster analysis in identifying individuals with ''pure'' forms of these syndromes. Specifically, as noted by Beatty et al, 47 ''…cluster analysis will always produce clusters and the average performance of participants in a cluster may not be representative of all or even most of the subjects in the cluster'' (p. 60). This being the case, future research could maximise separation of patients with pure cortical and subcortical (or mixed) syndromes by selecting only those patients showing statistically significant postoperative decrements (that is, SRB z score ,21.64) on the relevant combinations of neuropsychological measures. However, in order to identify sufficient numbers of these ''pure'' cases a much larger patient sample than that used in the present study is required in which only 7% of patients showed statistically significant decrements across three or more domains. Nevertheless, such an approach would provide a more powerful means of determining whether qualitatively distinct postoperative neuropsychological syndromes are the products of different pathophysiological mechanisms.
Cardiac surgical variables
Notwithstanding the limitations of cluster analysis, there are three potential explanations to account for the failure to observe hypothesised between cluster differences on intraoperative physiologic measures. First, the measures used might have been insensitive markers of intraoperative neurologic insult and more direct measures such as transcranial Doppler measurement of microembolic delivery might have disclosed between cluster differences. Second, irrespective of the sensitivity of the measures employed, the simple univariate between cluster comparisons that were undertaken might have failed to disclose potential complex interactions between the various measures. For example, poor neuropsychological outcome due to microembolism might have been predicted by a combination of a higher number of perfusionist interventions, longer duration of CPB, and low cerebral flow rate impeding embolic washout. 48 This may have been further moderated by increasing age. 11 Finally, it is conceivable that the three clusters actually were subjected to the same type and degree of intraoperative insult with the extent and nature of their postoperative neuropsychological sequelae being a product of this equal insult upon brains with varying degrees and locations of preexisting damage. This hypothesis engages the emerging theoretical concept of ''brain reserve capacity'' 49 which serves to explain different neuropsychological outcomes amongst individuals sustaining an equivalent level of injury. Support for this concept of patients being ''primed'' for post-CABG neuropsychological dysfunction comes from a report showing that patients demonstrating postoperative neuropsychological decline had significantly poorer pre-and intraoperative cerebral metabolism on SPECT scanning than did patients without SPECT abnormalities. 50 Presumably, the anatomic location of any such preoperative damage determines the quality and pattern of neuropsychological deficits that emerge postoperatively. In other words, brain integrity prior to surgery may be more important in determining postoperative neuropsychological outcome than the type and degree of intraoperative hazards to which the brain is exposed. This hypothesis awaits testing by comparing the neuropsychological outcomes of patients with varying degrees and locations of preoperative MRI defined pathology but who are matched on intraoperative physiologic measures considered to be markers of cerebral insult.
In conclusion, this study identified three subtypes of neuropsychological outcome following CABG surgery using a theoretically driven approach to define pre-to postoperative change. Although the patterns of neuropsychological change did not tightly conform to established prototypic syndromes, the emergence of neuropsychologically heterogeneous subgroups nevertheless challenges the appropriateness of the common practice of collapsing individual test scores to arrive at a single incidence figure of ''impairment''. 1 In this respect the present study serves as a starting point for future work in establishing whether CABG surgery imparts a unique pattern (or patterns) of neuropsychological compromise that may relate to the vulnerability of specific neural structures to intraoperative injury. From a clinical perspective, an appreciation of the fact that CABG surgery does not impart a unitary neuropsychological deficit provides for greater understanding of patients' complaints and likely real world consequences. 
